We demonstrated that the spin injection/extraction efficiency is enhanced by an ultrathin Mg 
3TH) signals indicating true spin injection into Si, and estimated the spin polarization in Si to be 16% when the thickness of the Mg insertion layer is 1 nm, whereas no N-3TH signal was observed without Mg insertion. This means that the spin injection/extraction efficiency is enhanced by suppressing the formation of a magnetically-dead layer at the Fe/MgO interface.
We have also observed clear spin transport signals, such as non-local Hanle signals and spinvalve signals, in a lateral four-terminal device with the same Fe/Mg/MgO/n + -Si tunnel junctions fabricated on a Si-on-insulator substrate. It was found that both the intensity and linewidth of the spin signals are affected by the geometrical effects (device geometry and size). We have derived analytical functions taking into account the device structures, including channel thickness and electrode size, and estimated important parameters; spin lifetime and spin polarizations. Our analytical functions well explain the experimental results. Our study shows the importance of suppressing a magnetically-dead layer, and provides a unified understanding of spin injection/detection signals in different device geometries.
I. INTRODUCTION
Si-based spin-transistors, which have ferromagnetic source/drain and a Si channel, have generated much attention, since they are very attractive for building-blocks in next-generation integrated circuits [1 -3] . Spin transistors can be used for nonvolatile memory and reconfigurable logic circuits, because their transistor characteristics can be changed by the magnetization configuration of the ferromagnetic source and drain. To realize their functions, we need large magnetoresistance in the source-channel-drain transport, which requires 1) efficient spin injection/extraction of spin-polarized electrons into/from a Si channel (so-called "spin injection/extraction"), and 2) efficient transport of spin-polarized electrons via the Si channel (so-called "spin-dependent transport"). Recently, spin MOSFET operation at room temperature was reported, but the magnetoresistance ratio γ MR was very small (0.02 -0.12%) [4, 5] . If the spin injection/extraction efficiency is greatly enhanced and spin-dependent transport via a Si channel becomes coherent, much larger γ MR will be obtained in spin MOSFET operation.
Although spin injection/extraction and spin-dependent transport in Si channels have been studied so far [5 -11] , the physics and detailed mechanism remain unclear. Moreover, it has been theoretically pointed out that the device geometry can affect the spin injection/extraction signals (hereafter "geometrical effect") [12 -16] , but it is not experimentally verified yet. Recently, we have analyzed broader three-terminal Hanle (B-3TH) signals (which are not originated from true spin injection [17 -21] ) obtained by the three-terminal method [15, 22] , and have proposed a model [21] (hereafter "dead layer model") suggesting that the coherency of electron spins is reduced by a magnetically-dead layer formed at a ferromagnetic metal/oxide interface. Note that the "dead layer" can be an ultrathin (one atomic layer or less) paramagnetic layer or paramagnetic interface states. Our "dead layer model" predicts that the spin injection/extraction efficiency will be enhanced if we can eliminate such a dead layer.
In this study, we show that the spin injection efficiency is enhanced in Fe/Mg/MgO/Si junctions by inserting an ultrathin Mg layer (thickness t Mg ≤ 2 nm) between the ferromagnetic Fe layer and the MgO tunnel barrier. This enhancement is attributed to the suppression of the magnetically-dead layer at the Fe/MgO interface, which is verified by the shape of B-3TH signals and magnetization measurements. It is noteworthy that the Mg insertion between Fe and MgO is a well-known technique in magnetic tunnel junctions (MTJs) to suppress the formation of a dead layer and to improve the spin coherence of tunneling electrons [23] . In order to analyze spin injection/extraction signals correctly, we prepared two types of device structures with different geometries. One device structure is named "vertical device" (shown in Fig. 1 ), which is a tunnel diode structure with a circular electrode patterned on a bulk Si substrate. This structure allows us to estimate accurate spin polarization and spin lifetime by the narrower threeterminal Hanle (N-3TH) signals (which are originated from true spin injection [17, 22] ), because it is not necessary to take into account the geometrical effect. The other device structure is named "lateral device" (shown in Fig. 5(a) ), which has a thin-body Si channel with four electrodes patterned on a Si-on-insulator (SOI) substrate. This structure allows us to prove the true spin injection in the Si channel by the four-terminal (non-local) measurements [24] .
However, the geometrical effect must be taken into account in the analysis.
In section II, we investigate how the Mg insertion affect spin injection/extraction in the vertical devices and un-processed junction structures with various Mg-layer thicknesses (t Mg = 0 -2 nm). N-3TH and B-3TH signals observed in the vertical devices are changed depending on t Mg . By analyzing the B-3TH signals using the dead layer model, we found that the dead layer at the Fe/MgO interface is suppressed by the Mg insertion, leading to the true spin injection/extraction into/from Si. The suppression of the dead layer is supported by the magnetization measurements of the un-processed samples. A relatively high spin polarization P = 16% in Si is obtained when the Mg-layer thickness is 1 nm.
In section III, we verified the realization of spin transport and pure spin current in a Si channel using a lateral device with an 1 nm-thick Mg insertion layer. We observed four-terminal To analyze the experimental results, we derived analytical functions which take into account the effect of the channel thickness and the electrode lengths.
By comparing the spin injection/extraction signals in the both vertical and lateral devices, we experimentally show that the geometrical effect must be taken into account for the precise analysis of spin injection/detection and spin transport.
II. Mg INSERTION IN THE VERTICAL DEVICES
A. Sample preparation Figure 1 shows a schematic illustration of the vertical device with (from top to bottom) 
B. Magnetization of the non-processed sample
To measure the magnetic properties, a non-processed sample having the same layered structure with t Mg = 0  2 nm and t MgO = 2 nm was also prepared as a reference. Figure 2( Figure 1 shows our three-terminal measurement setup, in which the junction voltage drop V 3T was measured by a voltmeter, while a constant current I was driven from the top electrode to the backside of the substrate and an external magnetic field H was applied sweeping from −3000
Oe to 3000 Oe along the in-plane (θ = 0) or normal-to-plane (θ = 90) directions. Note that distance between the injection/extraction electrode and reference electrode is at least 1300 µm, which is much longer than expected spin diffusion length (~ 1 μm) [10] . of the samples with t MgO = 0.8 nm and t Mg = 0, 0.5, 1, and 2 nm, respectively, which were measured at 4 K with I = −30 mA (the spin extraction regime). In Fig. 3(a) -(d) , the red and green curves correspond to θ = 0 and θ = 90 conditions, respectively. Broader three-terminal Hanle (B-3TH) signals (θ = 90) [17, 21] and inverted three-terminal Hanle (I-3TH) signals (θ = 0) [29] were observed at H = −3000 Oe ~ 3000 Oe in all the sample, and their amplitudes decreased as t Mg increased. Note that the N-3TH signals (true spin injection signal) [17, 22] (not shown here), as reported previously [30, 31] . This difference in the N-3TH result due to the I polarity can be explained by the electric field in the Si channel at the MgO/Si interface [32] . In the spin extraction regime (I < 0), the electric field in the Si channel is almost screened by the accumulated electrons caused by the high n-type doping concentration 8×10 19 cm −3 in Si [33] , namely, the electrical potential in Si is almost flat. Thus, the electric field effect is negligible in the spin extraction regime, and the electron spins in Si are purely diffusive. On the other hand, 
, as we carried out the same procedure in our previous study [21] . Since the electrode diameter (d = 17.8 µm) is much larger than the expected spin diffusion length (λ S ~ 1 µm) [10] and the electric field in the Si is negligible in the spin extraction regime as mentioned earlier, the 1-D spin diffusion model is 
where J is the current density, P I is the spin polarization of elections injected into Si (hereafter "injection polarization"), P D is the spin polarization detected by the detection electrode (hereafter "detection polarization"), H is the external applied field, and  is the field angle, γ is the gyromagnetic ratio, τ S is the spin lifetime in Si, S  is the spin diffusion length, ρ is the Si resistivity, 0 V is the offset voltage drop of the tunnel junction at 0  H , and
3TH ratio [21] . Ideally, when spin injection/extraction efficiency is 100%, P I and P D are the same as the spin polarization of Fe electrode (~ 40%) [36] . Parameters C, B, and S in Eq. (1) are the effective internal magnetic fields in the ultrathin magnetically-dead layer introduced in our previous study (see S.M. of ref. [21] ). S is the directional field parallel (S > 0) or antiparallel (S < 0) to the magnetization M Fe of the Fe layer, C is the non-directional field parallel to M Fe , and B is the non-directional field perpendicular to M Fe . Parameter B is the primary indicator of a magnetically-dead layer and is strongly related to the I-3TH signal. As B decreases, the amplitude of I-3TH signal decreases. When the paramagnetic state completely vanishes and ferromagnetic order appears in a magnetically-dead layer, the I-3TH signal disappears and B = 0.
In the analysis, we use γ = 1. and assumed that the spin injection and detection polarizations are the same value T P 3 , that is,
. It is notable that Eq. (2) is twice as large as the conventional N-3TH functions [9] . This is because injected spins diffuse vertically down to the backside of the substrate in this device structure, whereas they diffuse laterally both to the left and the right side in the lateral devices on a SOI substrate (see S.M. [34] ).
First, the B-3TH signals were analyzed since these must be subtracted from decreases as t Mg increases, and this means that the magnetically-dead layer thickness is decreased and ferromagnetic order increased at the Fe/Mg/MgO interface with increasing t Mg [21] .
Considering this result with the fact that S is positive except at t Mg = 0 nm, the ferromagnetic order appeared and the formation of the dead layer was suppressed at t Mg ≥ 0. properties; the spin polarization of electrons at the Si surface is not related to τ S . Moreover, this τ S value ~ 2 ns is consistent with the previously reported values (1 -10 ns) [8, 10, 37, 38] and in good agreement with the theoretically calculated value (2.5 ns) for the same phosphorus concentration in Si [39] . On the other hand, P 3T = 8 -16% in Fig. 4 (d) is comparable with the previously reported values 5 -17% [10 -11] . Contrary to τ S, P 3T changes depending on t Mg ; P 3T ~16% for t Mg = 0.5 and 1.0 nm, and P 3T ~ 8% for t Mg = 1.5 and 2.0 nm. Although the dead layer formation was significantly suppressed when t Mg ≥ 1.0 nm, the injected electron spins lost their polarization while passing through the Mg layer when t Mg ≥ 1.5 nm. Thus, we concluded that t Mg = 1.0 nm is the best condition for our spin injection/detection junctions.
III. SPIN DEPENDENT TRANSORT IN THE LATERAL DEVICE

A. Sample preparation
To confirm the spin injection into the Si layer and the spin transport in the Si channel and also to explore the geometrical effect [12 -16] 
, and
, i is the imaginary unit, and Re[ ] is the real part of the square brackets. In deriving Eq. (4) and (5), we assume that the spin injection (current density) is uniform over the electrode, t SOI << λ S , and W ch >> λ S . Here, the factor SOI t S  in Eqs. (4) and (5) is an indicator of the channel confinement effect (CCE), which means that the spin accumulation is significantly larger than that in the vertical device as SOI t becomes smaller than S  [12] . Also, the factor (Fig. 6(b) ) and N-3TH signals ( Fig. 7(d) ) in the lateral device are close to those estimated from the N-3TH signals (Fig. 3(c) ) in the vertical device (P 3T = 16% and S  =1.7 ns), it is quite reasonable to conclude that Eqs. (4) and (5) precisely express the spin accumulation signals under the geometrical effects; CCE and EAE. Therefore, these equations are appropriate for accurate estimation of P 3T , P 4T , and S  in lateral device structures.
D. Comparison of the fitting results with/without the geometrical effects
To confirm this conclusion, we fitted the following three sets of equations (i) − (iii) and parameters (P 3T , P 4T , S  ) listed in Table 1 Table 2 . The parameters related to the N-3TH signals are not listed in Table   2 because they were not clearly observed in the spin injection regime (I > 0) probably due to the depletion layer formation as mentioned before. Note that the 4TH signal was not observed in setup II with I = −50 mA (marked by ND in Table 1 ), although the 4TH signal was observed with both bias polarities in setup I. This probably comes from the unwanted electric field concentration [41] at the left edge of the electrode B (the side closer to the electrode R2) and effective channel length becomes longer than L ch so that spin polarized electrons cannot reach the detector electrode (electrode A).
From the fitting results in table 1 and 2, the following features (a -d) are clarified: (a)
For the spin polarization, P = 11 -63% is estimated by (iii), while P = 2.5 -14% is estimated by reduced from (τ S = 1.0 -3.2 ns and P = 11 -63%) to (τ S = 1.3 -2.3 ns and P = 6.6 -12%), and these values become close to those in the vertical device (τ S = 1.7 ns and P = 16%). From these features (a) -(d), we concluded that both CCE and EAE must be taken into account for the precise analysis of the N-3TH and 4TH signals in the thin channel device structure.
IV. CONCLUSION
First, we investigated magneto-transport properties of Fe/Mg/MgO/Si tunnel junctions Then, realization of spin injection/extraction and pure spin current was verified by the observation of both the four-terminal spin-valve effect and the four-terminal Hanle effect using the lateral device structure with t Mg = 1 nm. The fitting functions were originally derived from the 2-D spin diffusion model, taking into account the geometrical effects, CCE and EAE. Using the fitting functions with the geometrical effects, the τ S and P values were estimated in both the vertical and lateral devices and they are in good agreement, whereas these values estimated using the functions without the geometrical effects were not in agreement between the vertical devices and lateral devices. These results indicate that the geometrical effects must be taken into account for the precise estimation of the spin lifetime τ S and spin polarization P. Eqs. (4) and (5) (both CCE and EAE are taken into account), (ii) Eqs. (4) and (5) (setup II) 
S1. Derivation of the 3-dimensional impulse response for the vertical device
In this section, to take into account the geometrical effects for the spin accumulation functions, first we find the impulse response of the 3-dimentinal (3-D)
spin diffusion function (Eq. S1) in the space domain and obtain general solutions by integrating it. Here, we consider electron spins injected into a semi-infinite channel , where  n and  n are the electron densities of up and down spins, respectively, when the quantization axis is along the i direction. When an external magnetic field is applied parallel to the z axis 
Since the system in the channel has the spherical symmetry whose center lies at point at the position r is given by
Here, we define the maximum spin signal amplitude 
Eq. (S8) is the same as Eq. (3) in the main manuscript. Using Eqs. (S8) and (S9), Eq.
(S7) is expressed as
Eq. (S10) expresses the spin accumulation signal voltage observed at the distance r from the infinitesimal spin injection at 
S2. Derivation of the 2-dimentional impulse response for the vertical device
In this section, we derive the two-dimensional (2-D) impulse response for a vertical device having rectangular electrodes with the longitudinal axis along the x-axis, as shown in Fig. S2(a) . In our lateral device (shown in where K 0 is the modified Bessel's function of the second kind. Using Eqs. (S8) and (S11), the spin accumulation signal observed at a distance r is given by
(S12)
S3. Derivation of the 2-D impulse response for the lateral device
In this section, we derive the impulse response for a thin body SOI channel with thickness t SOI , as shown in Fig. S2(b) . Boundary conditions are the spin injection continuity (Eq. (S5)) and no-flux across the planes
These conditions are satisfied by locating mirror images of the spin injection at 
It is notable that this formula is the same as the result derived from the 1-D spin diffusion model, and twice as large as the conventional function [S5] . When the magnetic field angle  is varied between the x and z directions, namely,
This is Eq. (2) in the main manuscript.
S5. Three-terminal and four-terminal Hanle signals in the lateral device
The three-terminal and four-terminal Hanle signals in the lateral device 
The term 
The term SOI t  was previously introduced as the geometrical factor in ref. [S6] . In 
S6. Bias dependence of N-3TH signals in degenerated semiconductors
In the three-terminal measurement, N-3TH signals are observed only in the spin extraction regime, but not in the spin injection regime. The same result was also reported by other groups, however, the origin has not been clearly presented [S8, S9] .
To understand this result, the depletion layer in Si formed nearby the Si/MgO interface must be considered. In the spin extraction regime, the applied voltage V 0 at the 
where  is the mobility of electrons. Using the following boundary conditions;
S-13 The z axis is defined as the depth direction from MgO to Si whose origin is at the MgO/Si interface. In the spin extraction regime, V 0 ~ V MgO because V SC ~ 0.
the solutions of Eq. (S27) are obtained,
In the spin extraction regime, the electric field in Si is negligible as mentioned in the main manuscript. Thus, Eq. (18) 
